Purpose: In spite of their osteoconductive potential, the biomaterials used as substitutes for an autologous graft do not show osteoinductive or osteogenic potential. This study evaluated the association of adult mesenchymal stem cells derived from adipose tissue with xenogenic bone graft in bone regeneration in rabbit calvaria. Materials and Methods: Mesenchymal stem cells were harvested from adipose tissue from 12 animals. These cells, combined with hydroxyapatite, were implanted in 12-mm bilateral bone defects created in the calvaria of six rabbits (test group [TG]), whereas only hydroxyapatite was implanted in the defects created in another group of six animals (control group [CG]). One grafted side of each animal was covered by a collagen membrane. After 8 weeks, the animals were sacrificed, and the region of the bone defects was removed and evaluated using histomorphometry and immunohistochemistry. Results: The TG showed higher amounts (P < .05) of vital mineralized tissue and nonvital mineralized tissue, 28.24% ± 6.17% and 27.79% ± 2.72%, respectively, compared with the CG, 13.06% ± 5.24% and 13.52% ± 3.00%, respectively. In TG, no difference was observed (P > .05) in the amount of mineralized tissue between the side that was covered by the membrane vs the side without membrane coverage. On the other hand, a statistically significant difference (P < .05) was observed in the CG with regard to the amount of mineralized tissue between the sides with and without membrane coverage. Conclusion: These observations suggest that the association of mesenchymal stem cells derived from adipose tissue with a xenogenic bone graft was capable of promoting better bone regeneration compared with the use of a xenograft alone. Use of a membrane did not produce an increase in the regenerative potential for the TG, in contrast to the CG.
R
econstruction of large bone defects is recognized as a challenging situation. Homologous, xenogenic, and alloplastic bone grafts are not as effective as autologous grafts because of their physical and chemical characteristics, 1 in addition to being acellular. 2 Autologous tissue would, therefore, represent the best option for bone healing. 3 An autologous bone graft can be obtained from different areas, such as the iliac bone crest, ribs, tibia, and calvaria. However, acce ss to this tissue is restricted and associated with some morbidity. Owing to the risks of using autologous grafts, particularly those related to material harvesting, other forms of treatment for critical bone defects should be researched. [5] [6] [7] [8] Guided bone regeneration is a method for treating bone defects that is based on knowledge of osteopromotion, whereby the region to be reconstructed is mechanically isolated from undesired invasion and interference of the adjacent soft tissues 2 that frequently occupy the space to be reconstructed faster than do the osteoblasts. In theory, by not allowing this invasion, new bone production is maximized.
Because the use of bone substitutes results in a cellular deficit in critical bone defects, a feasible alternative would be to incorporate cells with osteogenic potential. Evidence indicates that successful grafting depends on the presence of cells in the graft, particularly of the subset of stem cells and progenitors that have the ability to generate new tissue. 9 Therefore, the choice of a cell source that can efficiently differentiate into bone tissue is the first and most important step in regeneration therapy for large or critical bone defects. Many cell types can potentially be used as cellular components for bone grafts. These include osteoblasts, embryonic stem cells, and mesenchymal stem cells (MSCs). MSCs have characteristics that make them an appropriate choice in grafting procedures, because it is easy to obtain in vivo tissue and perform ex vivo isolation and expansion. 10 Adipose-derived MSCs (MSC-Adp) can be obtained by lipectomy and liposuction, and are capable of retaining their proliferation potential even in older individuals. 11 Successful regeneration of bone defects using biomaterials depends on several factors, including vascularization in the receptor site; the ultrastructural, chemical, and inorganic characteristics of the scaffolds; and the processing method used. Calcium phosphatebased alloplastic substitutes, such as hydroxyapatite and beta-tricalcium phosphate (β-TCP), have been studied because their composition is very close to that of the inorganic phase of bone tissue. One publication showed that a xenogenic bone substitute composed of bovine hydroxyapatite (Bio-Oss) promotes the formation of osteoid tissue, does not interfere with local bone healing, and has osteoconductive properties superior to those of β-TCP. 3 Studies involving critical defects in rabbit calvaria enable further studies with biomaterials, with the possibility of verifying their properties. Considering the fact that an ideal substitute for autologous bone is still lacking, the use of animal models is fully justifiable. To this end, a study involving the association of MSC-Adp with biomaterial substitutes for autologous grafts could contribute to higher efficiency in the use of these materials for critical bone defects. The objective of this study was to evaluate the effect of associating MSC-Adp with a xenogenic bone graft for bone regeneration in rabbit calvaria.
MATERIALS AND METHODS

Experimental Design and Surgical Protocol
The research design of this study was analyzed and approved by the ethics committee of Paulista Medical School, Federal University of São Paulo, São Paulo, Brazil (314/12).
In this experiment, 12 male adult rabbits, aged 10 to 12 months, of the New Zealand breed, weighing between 3.5 and 4 kg were used. The animals were previously acclimatized for 14 days, kept in individual cages, specific for rabbits, in rooms with controlled temperature (18°C to 20°C) and under a 12-hour light cycle. The animals were fed a diet of commercial pellets and allowed access to water ad libitum.
Surgical Technique for Lipectomy
At the time of surgery, the rabbits were anesthetized with ketamine (40 mg/kg), midazolam (2 mg/kg), and fentanyl citrate (0.8 μg/kg); anesthesia was maintained with isoflurane/nitrous oxide (1:1.5%) and oxygen (2/3:1/3) with a pediatric face mask. In addition, local anesthesia was applied with 1 mL of 2% lidocaine hydrochloride with epinephrine 1:100,000 diluted in 1 mL of physiologic saline solution.
Following general anesthesia, tricotomy was performed on the back of the animals and followed by the marking of two orientation points on the midline between the scapulae, one rostrally, on the intersection of the midline and a line connecting the upper angles of the scapulae; and one caudally, on the intersection of the midline and a line connecting the lower angles of the scapulae, thus delimiting the incision location. After antisepsis of the site with povidone iodine, the incision was made, and then blunt dissection with Kelly forceps was performed to expose the underlying adipose tissue that was dissected and cut with the aid of curved-point scissors (Fig 1) , and then put into 15-mL sterile tubes containing 10 mL of phosphate-buffered saline (PBS). Each tube of the collected material was immediately taken to the laboratory of cell culture of the Department of Plastic Surgery, Paulista Medical School, for tissue processing. All rabbits, including the control group (CG) animals, were submitted to lipectomy to standardize the stress level between groups.
Primary Culture of MSCs Derived from Adipose Tissue
The adipose tissue was processed in a sterile environment, in a laminar flow cabinet (class IIA B3, Forma Scientific). The tube containing the fat was opened and the contents transferred to a vial (15-mL Falcon tube). It was then washed in PBS to which antibiotics and a fungicide (Sigma Aldrich) were added. The washing process was repeated six times. The piece of fat was then cut up with the use of scissors and tweezers, and the fragments were placed in a 60-mm Petri dish. The fat fragments were inserted into a 15-mL tube containing a collagenase II solution (1 mg/ mL) two times the volume of the fragments. The tube was vortex-mixed for 5 minutes at 37°C. Then the tube was centrifuged at 400g at a temperature of 22°C for 30 minutes. The supernatant was discarded and the pellet resuspended in 15 mL of a Dulbecco modified eagle medium (DMEM)/F-12 culture medium with 10% bovine fetal serum. The total solution was then inserted into a 75 cm 2 culture vial and incubated at 37°C under 5% carbon dioxide (CO 2) . The culture medium was changed every 48 hours until the cells reached 80% confluence (Fig 2) .
When the ideal number of cells was reached, they were trypsinized and placed in 1.0 mL Eppendorf tubes in PBS for reimplantation in the heads of the animals.
Surgical Technique for Craniectomy
After performing the cell cultures, the animals were successively subjected to craniectomies. The same anesthetic procedure was used as for the lipectomy, followed by tricotomy and antisepsis with povidone iodine. Using a line connecting the superior orbital processes as an anterior limit, a 5-cm incision was made along the midline, in the caudal direction, with the reflection of both skin and periosteum bilaterally. Two bone defects were created in each parietal bone, using a line parallel and posterior to the coronal suture and another parallel and lateral to the interparietal suture as references ( Fig  3) . The defects were created by positioning a 12-mm trephine drill mounted on an electric motor with a 16:1 contraangle reducer, tangentially to these two lines.
Once the defects were created in the calvaria, the material that would be implanted in each animal was chosen in a random manner and without the surgeon's knowledge, as follows: Bio-Oss (Geistlich Biomaterials), is a hydroxyapatite of bovine origin, associated with cultivated MSCs; or Bio-Oss alone. The randomization was performed using Random Allocation software. Thus, two groups of six animals each were created: a CG (hydroxyapatite) and a test group (TG; MSC + hydroxyapatite).
One of the defects in the 12 animals was covered by a Bio-Gide membrane (Geistlich Biomaterials), a collagen membrane of porcine origin (Fig 4) . The choice of side for membrane covering was also made in a random manner using Random Allocation software.
A layered suture technique was used (vycril 6-0 thread for subcutaneous tissue and nylon 4-0 for skin) to avoid exposure of the membrane and/or graft material. In the postoperative period, the animals were medicated with sodium cefazolin (30 mg/kg) every 12 hours for 3 days; flunixin meglumine anti-inflammatory (1 mg/ kg) every 24 hours for 3 days; and a tramadol hydrochloride analgesic (2 mg/kg) every 8 hours for 3 days. The surgical wounds were cleaned twice a day with a 0.9% physiologic solution and povedine iodine for 5 days.
The animals received pellet feed and water ad libitum for the rest of the experimental period. After 8 weeks, death was induced by sodium thiopental overdose via a butterfly catheter in the marginal auricular vein after application of 40 mg/kg -1 ketamine.
The animals were beheaded, the soft tissue was removed, and the skull was fixed in 10% buffered formalin. All the heads were placed in acrylic containers that were sealed. After 72 hours, the buffered formalin was removed and the heads immersed in an equal volume of absolute alcohol. After another 72 hours, fragments of approximately 20 × 25 mm of each parietal bone were removed and immersed in conical tubes containing 10 times their volume of absolute alcohol for 24 hours, and then immersed in ethylenediaminetetraacetic acid (EDTA) for 10 days for decalcification. Three trials were conducted to determine the differentiation potential of the MSC-Adp (Fig 5) .
Adipogenic Differentiation
For the adipogenic differentiation, the cells were grown on six-well plates with TPP containing 2 mL of complete DMEM/F12 culture medium supplemented with 10 µmol/L of insulin and 1 µmol/L of dexamethasone (Sigma Aldrich) for 15 days, then kept in a humid incubator at 37°C under 5% CO 2 . The culture medium was replaced every 3 days. After this period, the medium was removed by suction and the cells washed twice with PBS. Immediately afterwards, 2 mL of a 0.4% paraformaldehyde fixing solution in PBS (Electron Microscopy Sciences) was used. After 30 minutes, the fixing solution was removed by suction and the cells were washed three times with PBS as follows: once in PBS containing 0.1 mol/L of glycine for 10 minutes and twice with only PBS for 2 minutes.
Subsequently, the cells were incubated with 0.5% oil red O dye solution (Sigma Aldrich) at room temperature for 30 minutes. The dye solution was carefully removed using a 2-mL disposable pipette and washed five times with 2 mL of running water to remove the excess dye. Then the cells were incubated with 1 µg/mL of dye (4' ,6-diamidino-2 phenylindole), dihydrochloride (DAPI Sigma Aldrich) in PBS (0.1% bovine serum albumin [BSA], Sigma Aldrich) and 0.2% saponin (Calbiochem) for 2 minutes. The cells were then washed again three times in PBS. The slide with the fixed and dyed cells was observed under a Nikon Ti-U epifluorescence microscope and photographed using NISElements software, version 3.2 (Nikon Instruments).
Osteogenic Differentiation
For osteogenic differentiation, the cell cultures were performed on six-well plates (TPP) containing 2 mL of complete DMEM/F12 culture medium supplemented with 50 µmol/L of ascorbic acid (Sigma Aldrich), 0.1 µmol/L of dexamethasone, and 10-2 mol of β gylcerophosphate (Baker Analyzed reagent) for 21 days. They were then kept in a humid incubator at 37°C under 5% CO 2 , and the culture medium was replaced every 3 days. After this period, the medium was removed by suction and the cells washed twice with PBS. Immediately afterward, 2 mL of a 0.4% paraformaldehyde fixing solution in PBS was used. After 30 minutes, the fixing solution was removed by suction and the cells were washed three times with PBS as follows: once in PBS containing 0.1 mol/L of glycine for 10 minutes and twice with only PBS for 2 minutes.
Subsequently, the cells were incubated with a 40 mmol/L solution of alizarin red sodium (pH 4.1) (Sigma Aldrich) at room temperature for 30 minutes. The dye solution was carefully removed using a 2-mL disposable pipette and washed five times with 2 mL of running water to remove the excess dye. Then the cells were incubated with 1 µg/mL of DAPI dye in PBS (0.1% BSA and 0.2% saponin) for 2 minutes and again washed three times in PBS. The slide with the fixed and dyed cells was observed under a Nikon Ti-U epifluorescence microscope and photographed using NISElements software.
Chondrogenic Differentiation
For chondrogenic differentiation, the cells were grown on six-well plates (TPP) containing 2 mL of complete DMEM/F12 culture medium supplemented with 10 µmol/L of insulin, 0.1 µmol/L of dexamethasone, 50 µmol/L of ascorbic acid, and 10 mg/mL of TGF-β1 (Cell Signaling Technology) for 21 days. They were then kept in a humid incubator at 37°C under 5% CO 2 , and the culture medium was replaced every 3 days. After this period, the medium was removed by suction and the cells washed twice with PBS. Immediately afterward, 2 mL of a 0.4% formalin fixing solution in PBS was used. After 30 minutes, the fixing solution was removed by suction and the cells were washed three times with PBS as follows: once in PBS containing 0.1 mol/L of glycine for 10 minutes and twice with only PBS for 2 minutes. Subsequently, the cells were incubated with a 0.1% toluidine blue solution (Sigma Aldrich) at room temperature for 30 minutes. The dye solution was carefully removed using a 2-mL disposable pipette and washed five times with 2 mL of running water to remove the excess dye. The slide with the fixed and dyed cells was observed under a Nikon Ti-U epifluorescence microscope and photographed using NIS-Elements software.
Determination of the Population of Adult MSCs with Flow Cytometry
After isolation, the cells from the second passage were trypsinized and the suspension was centrifuged at 300g for 4 minutes. The supernatant was discarded and 1 mL of PBS was added. This procedure, that is, the washing of the cell suspension, was repeated twice. After the second washing of the cells, antibodies were added. The tubes containing the cells were incubated for 20 minutes at room temperature and protected from light. The samples were subjected to flow cytometry analysis (FACS Calibur, Becton Dickinson) for identification in the specific fluorescence channels of each antibody.
Histomorphometric Analysis
Decalcification of the fragments taken from the parietal bones was made by submersion in 10% EDTA for 10 days. With the decalcified calvaria, 7-µm sections from the centers of the defects of the anterior and posterior portions were embedded in paraffin blocks, and quantitative analyses were conducted using an optical microscope after staining with Stevenel blue. Six areas of each section were analyzed (upper left, upper center, upper right, lower left, lower center, and lower right) and a mean value recorded for each defect.
All the images were taken with a CCD digital camera (RT Color, Diagnostic Instruments) coupled to a light microscope with 1.25× magnification, combined in a single image using Photoshop Elements, version 2.0 software (Adobe Systems), and evaluated by a blinded, previously calibrated examiner (ACA) using imaging software (Image Pro Plus 4.5, Media Cybernetics). Parameters of vital mineralized tissue (VMT), nonvital mineralized tissue (NVMT), and nonmineralized tissue (NMT) for eight sections of the defect (four anterior and four posterior) were measured, stated as percentages of the total defect area, and compared (Fig 6) .
Immunohistochemical Analysis
Three-micrometer sections were deparaffinized, hydrated, and immersed in 20% hydrogen peroxide for 30 minutes (Dinâmica). Subsequently, the sections were incubated at 4°C with the primary antibody bovine alkaline phosphatase (ALP; LF-52, 1:500, National Institute of Dental and Craniofacial Research) overnight and then with the biotinylated secondary antibody peroxidase conjugated streptavidin system (LSAB, Dako) for 1 hour at 37°C. The sections were stained for 10 minutes at 37°C with 3.3'-diaminobenzidine tetrahydrochloride (DAB, Dako) and counterstained with Mayer hematoxylin (Dinâmica).
Using a double-healed microscope (Olympus BX52), two examiners interpreted the immunohistochemical reactions for ALP. The labeled sections were evaluated qualitatively according to the presence or absence of positive staining in bone matrix, osteocytes, osteoblasts, and bone xenograft cortical bone. Digital photomicrographs were obtained using a Zeiss Axioskop 2 plus microscope equipped with an Axiocam digital camera and AxioVision application software (Carl Zeiss) (Fig 7) .
Statistical Analysis
The quantitative data were analyzed using SPSS-V17 software (SPSS ). The Wilcoxon test was used to compare the results obtained with and without membrane coverage in relation to NVMT, VMT, and NMT variables in both groups. The Friedman test for paired data was used to compare the NVMT, VMT, and NMT results for situations with and without membrane coverage in both groups. The Kruskall-Wallis test was used to compare the groups in relation to each variable (NVMT, VMT, and NMT), as well as in relation to the results obtained with and without membrane coverage. The Bartlett test was used to evaluate homoscedasticity. P < .05 was considered statistically significant.
RESULTS
Differentiation Assays
Osteogenic, chondrogenic, and adipogenic differentiation were obtained by means of differentiation assays (Fig 4) .
Flow Cytometry
Immunophenotyping of the cultivated cells was made by means of flow cytometry. The immunophenotyping results are shown in Table 1 .
Histomorphometry
The VMT (new bone) and NVMT (remaining particles of the xenograft) samples had a greater percentage in the TG compared with the CG, for both the membrane coverage and nonmembrane coverage sides. The opposite occurred with regard to the nonmineralized tissue (P < .05). Table 2 shows the results of the histomorphometric analysis.
Immunohistochemistry
The immunohistochemical analysis showed positive staining around the remaining particles of the xenogenic graft, as well as in the extracellular matrix. The intensity was homogenous and strong. Osteocytes presented cytoplasm staining only in focal regions of the slides. Osteoblasts showed a staining close to that of osteocytes, albeit in a generalized manner in the total area of the slide. No immunostaining was observed in the lamellar bone.
DISCUSSION
Large bone defects can usually be treated by means of bone graft procedures. In these cases, the autogenous bone graft is considered the gold standard, 12 particularly because of its osteogenic potential. 13 Nevertheless, the removal of an autogenous graft frequently represents a significant risk of morbidity and postoperative complications. 14 Therefore, other biomaterials, such as allogeneic, xenogenic, and alloplastic grafts, are being studied to avoid removal of autogenous bone. 13, 15, 16 However, autogenous bone substitutes lack osteogenic potential because they are acellular materials. Only autogenous bone grafts have osteogenic potential because they are the only ones with the ability to maintain cellular viability after removal. 17 Intergroup analysis included statistical comparison of mean values (in percentage) between TG (n = 6) and CG (n = 6). P ≤ .05 was considered as statistically significant (Kruskal-Wallis test). TG = test group; CG = control group; VMT = vital mineralized tissue; NVMT = nonvital mineralized tissue; NMT = nonmineralized tissue.
Many studies are being directed at the development of therapeutic protocols for restoring native tissue without having to remove large autogenous bone grafts. 18, 19 To this end, an evaluation was conducted in the present study of the use of MSCs associated with an osteoconductor carrier. The use of MSCs has been extensively reported in the scientific literature. Their ability to differentiate into specialized cells (adipose, bone, cartilage, and endothelial tissue) has attracted great interest in the tissue engineering field. Many studies have reported the use of MSCs to maximize the results of bone healing, corroborating the superior results obtained for the test group in the present study (P < .05). 7, [20] [21] [22] [23] These increases in regeneration may be the result of differentiation of the stem cells into osteoblasts, but also of their ability to express multiple growth factors, such as the endothelial vascular growth factor, which, by boosting blood flow to the area, could maximize reconstruction levels. This type of therapy involves the use of a vital bone graft, with osteogenic and osteoinductive potential, but without the need to harvest an autogenous bone graft.
Some studies have evaluated bone regeneration potential with regard to the association of bone substitutes with the technique of guided tissue regeneration. This technique has been used for decades, and membranes or tissue barriers are used to impede the interference of undesirable cells from adjacent soft tissues as part of the healing process. [24] [25] [26] To date, there has been a consensus on the improvement in bone neoformation obtained with adjuvant use of a membrane, which was only confirmed in the CG of the present study (P < .05). Interestingly, in the experimental group, use of a membrane was unable to promote an increase in the amount of bone formed (P > .05). The most probable hypothesis for this occurrence is that the interaction between the stem cells and the microenvironment, with the scaffold within the bone defect, may have inhibited migration of cells from the adjacent soft tissues, thus acting as a barrier. This barrier was not, however, a physical barrier, as is a traditional membrane, but rather as a physiologic barrier. However, the promotion of greater bone-forming activity, when using the stem cells, could also collaborate to the lack of benefit when using a barrier membrane. Further research is warranted to confirm or reject this hypothesis.
ALP was extensively expressed around the xenogenic grafts as well as in the bone marrow in both groups. Because ALP is involved in the onset of mineralization and is an early marker of osteoblastic differentiation, 27 it may contribute to an increase in VMT around the bone grafts. In addition, after 8 weeks of the regeneration process, a slight immunostaining for ALP was detected in the primary ossification areas, and around the osteoblasts, indicating a higher level of tissue maturity and cellular differentiation.
Stem cells derived from bone marrow and adipose tissue are the cell types best characterized for bone regeneration. However, owing to the high frequency of liposuction procedures and to the abundance of and easy access to adipose tissue, the latter seems to have wide applicability in the area of tissue engineering. According to De Ugarte et al, 28 cells from liposuction aspirates are potentially similar to cells from bone marrow for use in tissue engineering. Cowan et al 29 demonstrated that adult stromal cells derived from adipose tissue have the potential to heal critical-sized skeletal defects without any type of genetic manipulation or addition of exogenous growth factors. Nevertheless, Zhang et al 30 observed that bone marrow cells are better prepared for rapid bone regeneration in maxillary sinus lift surgery in humans.
The method used in the present study to obtain adipose tissue in rabbits is similar to that used by Mazzetti et al, 31 who addressed the same region and reported satisfactory results for extracting stem cells from fat, both quantitatively and qualitatively. To define a cell as an MSC, it is necessary to observe several factors, such as its ability to adhere to plastic, its ability to differentiate into three types of mesenchymal cells (osteoblasts, adipocytes, and chondrocytes) according to different stimuli in the extracellular matrix, and its response to immunophenotyping with or without the expression of specific cell markers. The cell surface markers used in the present study demonstrated that the cells expressed CD16, CD73, CD90, and CD105, and did not express CD14, CD31, CD34, CD44, CD45, and CD107, showing that the cells used were effectively MSCs.
The method used in the present study to create the critical-sized bone defects in the calvaria of rabbits is identical to that used by Pelegrine et al, 23 who did not observe any type of bone formation at the center of the defect after 8 weeks, thus confirming the denomination of "critical. "
The clinical use of MSC-Adp comes up against some problems, such as methodologic variations through which the stem cells are isolated and expanded in different laboratories, possibly leading to different results. At the moment, routine clinical use of cultivated cells is not acceptable because of the absence of definitive markers for MSCs, which, dangerously, reflects a lack of standardization. Thus, for production of a safe, efficient, and reproducible "cellular drug, " the adoption of good manufacturing practices would be necessary. 32 Although Thesleff et al 7 have reported success in critical bone reconstruction in human calvaria with the use of MSC-Adp, but in that study only four patients underwent surgery and only two of those patients had 1-year follow-up data available. Moreover, the graft site was evaluated only with computed tomography and manual testing of the hardness of the region. Thus, in vitro and animal-model studies are of utmost importance for achieving a better understanding of the possible clinical applicability of cellular therapy.
CONCLUSIONS
The present animal-model study allows us to conclude that the use of MSCs derived from adipose tissue associated with a xenogenic scaffold improves the potential for bone neoformation compared with a xenogenic scaffold alone. Furthermore, use of a membrane together with MSCs from adipose tissue does not maximize bone reconstruction potential.
